A new pole-zero pairing and o r d e r i n g strategy is proposed, which can provide t h e minimum t o t a l capacitance in cascaded biquad SC f i l t e r s . Design examples f o r s e v e r a l kinds of SC f i l t e r s are demonstrated.
I INTRODUCTION
Switched-capacitor (SC) f i l t e r s a r e v e r y a t t r a c t i v e f o r use in integrating many analog c i r c u i t s on a single monolithic chip. Particularly, they have been applied t o communication and signal processing systems, which inherently require analog/digital interface, low-power dissipation, and high-frequency o p e r a t i o n [ 11, [21. In o r d e r t o achieve t h e following properties: (l)miniaturization, (2)low-power dissipation, and (3)high-frequency operation, reduction in t h e t o t a l capacitance is v e r y important.
Capacitance reduction is accomplished t h r o u g h two stages. F i r s t , capacitance dispersion is compressed in a process of designing SC c i r c u i t configuration.
Second, a unit capacitor, corresponding t o t h e minimum capacitance, is reduced in an LSI fabrication process. This reduction is, however, r a t h e r limited by capacitance r a t i o accuracy and noise performance.
In t h i s paper, a design problem in t h e f i r s t s t a g e w i l l be d e a l t with. Furthermore, cascaded biquad SC f i l t e r s a r e taken i n t o account. In t h e cascade SC f i l t e r s , t h e t o t a l capacitance, which is a sum of all normalized capacitance, is highly dependent on pole-zero pairing and ordering. Therefore, it is v e r y important t o s e a r c h f o r an optimum pairing and o r d e r i n g assignment. This problem was investigated by Xuexiang et a1 [3] , [4] . However, a general s t r a t e g y f o r a n optimum assignment has n o t been w e l l accomplished.
In t h i s paper, r e l a t i o n s between pole-zero locations, scaling f a c t o r s and t h e t o t a l capacitance in a biquad section is f i r s t investigated. Conditions on scaling f a c t o r s and amplitude responses of t h e biquad section, which can lead t h e minimum t o t a l capacitance, are derived. These conditions are f u r t h e r t r a n s f e r r e d i n t o t h a t on pairing and ordering. The proposed conditions can l i m i t pairing and ordering assignments, by which significant reductions in t h e t o t a l capacitance can b e achieved. By searching f o r t h e optimum assignment among them, a l o t of computing time can b e saved. Finally. distribution of t h e t o t a l capacitance f o r 9th and 11th-order low-pass and high-pass f i l t e r s are demonstrated.
ll TOTAL CAPACITANCE IN CASCADE SC FILTERS

Biquad SC Circuit
In o u r discussion, a biquad SC c i r c u i t shown in Fig Letting VEn(z), Vl(z) and Vout(z) be t h e input, t h e f i r s t and second operational amplifier outputs, respectively, t r a n s f e r functions are defined as follows:
(la) These t r a n s f e r function are f u r t h e r expressed using capacitance of t h e SC c i r c u i t shown in Fig.1 .
Capacitance Expressed with Pole and Zero
Since frequency selective f i l t e r s usually have wide s p r e a d capacitance, e l l i p t i c f i l t e r s are taken into acc o u n t in t h i s paper. Zero and pole can be expressed as exp( k j 6 -1, r,exp( k j 6 respectively. Using these parameters, t h e t r a n s f e r function H(z) is rewritten as follows: Furthermore, coefficients s a t i s f y
In o r d e r t o obtain relations between t h e parameters, Eq.(2b) is rewritten as,
Comparing Eqs. (3) and (5), t h e following relations can be obtained.
The number of equations is smaller than t h a t of unknown capacitance. Therefore, some of t h e capacitance should be fixed in advance. The following two cases are available f o r e l l i p t i c f i l t e r s .
(7b) Furthermore, t h e following assumptions a r e imposed. ho = 1 (8a)
(8b) These assumptions do n o t lose generality, because capacitance w i l l be modified t h r o u g h signal l e v e l scaling and capacitance normalization. In t h e following discussion, t h e case (A), t h a t is Cl2=CI4=0, i s taken i n t o account, due t o page limitation. However, t h e res u l t s of t h i s paper can b e applied t o t h e case (B). Now, we represent capacitance using t h e pole-zero 
Signal Level Scaling
void overload at operational amplifier outputs. Lett i n g F d z ) be a t r a n s f e r function from t h e f i l t e r input t o t h e i t h operational amplifier output, it is scaled so a s t o s a t i s f y After signal level scaling, t h e capacitance are modified a s follows:
where, k,' is a scaling f a c t o r f o r V o u + in t h e preceding section.
Total Capacitance in Biquad SC Circuit
Before calculating t h e t o t a l capacitance, t h e minimum capacitance in capacitance groups is normalized t o unity. There a r e two capacitance groups in t h e SC c i r c u i t shown in Fig.1 . One of them includes CII,i=O-4, and t h e o t h e r includes C21.i=0-3. Total capacitance f o r each capacitance group are given h e r e b e f o r e normalization.
( 1 5 4 1 1 1-2rpcos e p+rp2 After capacitance normalization, C -T I and C'TZ are f u r t h e r denoted by CT1 and Crr. respectively. The t o t a l capacitance f o r t h e biquad SC c i r c u i t is given by (16) Crl and Cn are highly dependent on capacitance spread.
III TOTAL CAPACITANCE REDUCTION IN BIQUAD SC CIRCUIT
Conditions on Scaling Factors
In t h i s section, r e l a t i o n between t h e parameters and t h e t o t a l capacitance is discussed. From Eq.(l4b), when r p is close t o unity, is v e r y small. This causes v e r y l a r g e CT2. Therefore, t h e t o t a l capacitance of a high-Q section, where r p = 1, i s dominant in t h e t o t a l capacitance of t h e cascade SC f i l t e r . Therefore, reductions in t h e t o t a l capacitance of a high-Q section should t a k e f i r s t p r i o r i t y .
Assuming r p + 1 (17) C^r l and C--in Eqs.(l5a) and (15b), can b e approximately expressed as follows:
In C e n , 2 ( l -c o s e .)/k2 i s assumed t o be t h e minimum. That is, are assumed. After normalizing 2(1-cos 6 P)/k2 t o b e unity, CT1 i s given by 
is modified as
In t h i s case, t h e f i r s t term i s dominant. Therefore, t h e condition Eq.(Zla) is s t i l l valid. Furthermore, as will be described in t h e following, C, i s dominant in CT, Eqs. (21a) and (21b) could b e conditions f o r reductions i n t h e t o t a l capacitance.
Since r r i s c l o s e t o unity, (1-rpE)/k2 is t h e minimum in C,.
That is,
are assumed. In t h i s case, CT2 becomes
From t h e above expression, conditions on k l and ka are t h e same as Eqs.(Zla) and (21b).
Condition on Amplitude Responses
Equation (21a) i s f u r t h e r t r a n s f e r r e d i n t o conditions on amplitude responses. Hl(z) and H(z) in Eqs.(2a) and (2b) are expressed using p o l e and z e r o as follows: 1-z' =z-' Figure 2 shows t h i s relation. Although both functions H,(z) and H(z) have t h e same pole. a z e r o of H(z) l o c a t e s close t o t h e passband compared with t h a t of H,(z). Because a z e r o of Hl(z) locates around z=1, as shown in Eq.(29). Based on t h i s r e l a t i o n and Eq.(38), a sub-transfer function from t h e f i l t e r input t o t h e t h e preceding section o u t p u t should has a s t e e p l y s l a n t i n g amplitude response as shown in Fig.2. a, a a 4 F r e q u e n c y Fig.2 Amplitude responses f o r Hl(z), H(z) and t h e preceding section.
A s described in Sec. IJI, since t h e t o t a l capacitance in a high-Q section i s dominant, i t should t a k e p r i o r i t y t o s a t i s f y t h e above condition. This can be rephrased as, (1) Zeros c l o s e t o t h e high-Q pole should be assigned t o t h e preceding sections. Next, from Eqs. (39a) and (39b), (2) low-Q poles and z e r o s close t o them should be assigned t h e preceding sections. The condit i o n on z e r o s a r e t h e same as in (1).
Searching Procedure for Optimum Assignment
In high-order SC f i l t e r s , t h e number of all possible pairing and o r d e r i n g assignments i s very large. Furthermore, an occurrence r a t e of optimum assignments i s low. Therefore, a searching process f o r a n optimum assignment, without any c o n s t r a i n t on pairing and o rdering, r e q u i r e s a l o t of computing time.
On t h e c o n t r a r y , t h e proposed conditions can limit pairing and o r d e r i n g assignments, which can provide significantly reduced t o t a l capacitance. Among them, t h e optimum solution can be easily searched f o r with fewer searching steps. Numerical examples f o r s e v e r a l kinds of SC filters a r e provided in t h e next section.
V NUMEIUCALEXI\MPLES
Filter Responses
9 t h and 11th-order low-pass (LPF) and high-pass (HPF) f i l t e r s were designed. Poles and zeros a r e l i s t e d
in Tables 1 and 2 , and amplitude responses a r e shown in Figs. 3(a) and 3(b). 
Distribution of Total Capacitance
Distribution of t h e t o t a l capacitance f o r a l l possible pairing and ordering assignments, without any c o n s t r a i n t , are shown in Figs.4(a) and 4(b) . In t h e s e figures, t h e t o t a l capacitance (CT) is normalized by t h e minimum value (CmI,-J. For instance, 1.35 on t h e h o r i z o n t a l axis means t h e t o t a l capacitance is 35% o v e r t h e minimum value. From these figures, i t can be observed t h a t an occurrence rate f o r assignments, by which t h e t o t a l capacitance i s within 5% o v e r t h e minimum is v e r y low.
Next, t h e c o n s t r a i n t s shown in Figs.S(a) and 5(b) a r e imposed on pairing and ordering. For instance, t h e c o n s t r a i n t in Fig.5 (a) means t h a t t h e highest-Q pole D5 H CONCLUSIONS A new s t r a t e g y of searching f o r t h e optimum pairing and o r d e r i n g assignment h a s been proposed. Design examples f o r s e v e r a l kinds of SC f i l t e r s have been demonstrated. The t o t a l capacitance f o r t h e s e l e c t e d pairing and o r d e r i n g assignments mostly c o n c e n t r a t e s within 5% o v e r t h e minimum. The optimum assignment can be e a s i l y searched f o r among t h e limited assignments.
